Historically, considerable variation has been reported in the type and severity of clinical and hematologic abnormalities associated with canine ehrlichiosis. Because of difficulties associated with the isolation of intracellular monocytic Ehrlichia species in tissue culture systems, few E. canis isolates are available for comparative microbiologic studies. To address the issue of potential E. canis antigenic diversity in different regions of the world, dog sera reactive by indirect fluorescent antibody testing to E. canis (Florida) antigen were obtained from France, Israel, Italy, the United States, the Virgin Islands, and Zimbabwe. Ehrlichia canis proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis, and at least 5 sera from each region were stained by western immunoblotting. Antibody immunodominance was scored based upon staining intensity. There was relative homogeneity in the immunogenic protein reactions to E. canis antigens. Of the 58 E. canis reactive sera, 54 samples resulted in immunoblot patterns indicative of chronic ehrlichiosis. Four reactive sera (reciprocal titers of 160-2,560) did not recognize any genus-specific antigens resulting in protein bands between 22 and 29 kD, indicating serologic cross-reactivity with other microorganisms. Relatively homogenous immunoblot patterns, consistent with the reported immunoblot response of dogs with experimental chronic ehrlichiosis, were observed with sera from Arizona, France, Israel, North Carolina, Texas, and the Virgin Islands. In contrast, unique major proteins were observed in dog sera from Italy and Zimbabwe. Our results indicate that although relatively homogeneous, antigenic diversity may exist among E. canis organisms in different regions of the world.
-8 , 18 Clinically, there is considerable vari-Whether the substantial variation in the type, duation in the type, duration, and severity of historical, ration, and severity of disease manifestations or clinphysical, and clinicopathologic changes identified icopathologic changes that have been attributed to E. among naturally infected dogs. The typical acute clinical presentation includes fever, anorexia, and lymphadenopathy. Chronically infected dogs may appear canis infection reflect strain differences in pathogenicity, variability in the immunologic response of the host to the rickettsia, coinfection with other tick-transmithealthy or may develop chronic weight loss, peripheral ted pathogens, or other unknown factors remains unedema, or bleeding abnormalities, including prolonged clear. Because of the historical difficulties associated bleeding from venipuncture sites, petechiae, retinal with isolating Ehrlichia species in culture, only a limhemorrhage, or epistaxis. Although a severe hemor-ited number of E. canis isolates are available for comrhagic syndrome was routinely described among mil-parative microbiologic or immunopathogenic studies. itary working dogs during the Vietnamese War, 8 more Because of the lack of availability of E. canis isolates recent studies have deemphasized hemorrhages as a from different regions, we used sodium dodecyl sulfate component of the clinical presentation. Several studies polyacrylamide gel electrophoresis (SDS-PAGE) with have described infrequently encountered clinical manwestern immunoblotting to investigate whether there are regional differences in the pattern of E. canis antigenic protein recognition among dogs from different Seroreactivity to E. canis antigen was reassessed in our laboratory using an indirect immunofluorescent assay. Ehrlichia canis (Florida isolate) grown in a continuous dog monocyte line (030 cell line, M. G. Levy, NCSU, unpublished data) was applied to tefloncoated slides, air dried, and fixed in acetone. Slides were then incubated with a blocking solution consisting of normal goat serum, followed by serial 2-fold serum dilutions ranging from 1:20 to 1:20,480. Slides were labeled with goat anti-dog fluorescein-conjugated immunoglobulin G (IgG) a and washed with a phosphate-buffered saline (PBS) solution containing 0.05% Tween-20 (PBS-T20) and Evans blue counterstain. End point titers were considered the reciprocal of the highest dilution at which fluorescence of E. canis morulae was observed, using a Zeiss immunofluorescent microscope at 250 x and 400 x magnification. When possible, the 5 sera with the highest end point titers were selected for immunoblotting. High titer serum samples were not available from New York or Arkansas. Samples from several regions reflected a range of IFA antibody titers, with only 1 or 2 samples having reciprocal titers > 1,280 (Florida, Israel, France, Zimbabwe.)
Antigen cultivation and purification. Ehrlichia canis (Florida isolate) 8 was grown in continuous culture using DH82 b with McCoy's 5A medium c containing 20% fetal bovine serum d at 35 C with 5% CO 2 . 22 Cell suspensions were purified by high-and low-speed centrifugation, followed by centrifugation through a 20-30-40% sucrose gradient at 23,000 rpm for 90 min in a Beckman L2 65B ultracentrifuge. The antigen was then resuspended in sucrose-phosphate-glutamate buffer and stored at -70 C.
Gel electrophoresis. SDS-PAGE was performed, using a modification of the Laemmli method. 13 The optimal dilution of each antigen preparation dissolved in final sample buffer (0.062 M Tris-HCl, 5% 2-mercaptoethanol, 10% glycerol, 2% sodium dodecyl sulfate, 0.01% bromophenol blue) and boiled for 5 min was determined on 16-x 16-cm precast 12% polyacrylamide separating gels e before proteins were separated overnight at 7.5 mA/gel. Uninfected DH82 cell proteins were processed as negative controls. Molecular weight standards were run with each gel using prestained markers. Antigen was then electrotransferred to 0.45-µm nitrocellulose paper f at 195 mA for 1 h.
Immunoblotting. Transfer membranes were cut along well divisions before being blocked in 5% nonfat dry milk for l-2 hr at room temperature. Serum samples were diluted 1:100 in 1% milk and incubated with individual strips in heatsealed bags overnight at room temperature with agitation. Nitrocellulose strips were then washed thoroughly with PBS-T20, followed by incubation with peroxidase-labeled goat anti-dog IgGa diluted 1:400 in 1% milk. Washing was performed again but with PBS without Tween 20. The peroxidase reaction was detected using the color substrate 4-chloro-1-naphthol.
Data analysis. The migration distance of bands on the nitrocellulose paper was measured in millimeters and compared with prestained molecular weight markers. Size estimates of ehrlichial immunogenic proteins (in kilodaltons) were obtained by computer analysis, using the SEQAID II program. Subsequently, bands were visually rated for staining intensity on a scale of 1-4. Proteins with reactivities rated at 3 or 4 were considered major proteins indicative of an immunodominant antibody response. Immunoblots on which positive control sera did not recognize the expected major proteins of 28, 44, 53, 60, and 65 kD were not included in the analysis. Following analysis, the data were depicted graphically using Sigma-Plot 4.13A.
Results

Experimental control dog sera
Based on the examination of sera from 3 experimentally infected dogs in our laboratory, homologous sera recognizes immunodominant E. canis proteins with approximate molecular masses of 28, 44, 53, 60, and 65 kD. Reactions of variable staining intensity were obtained to 22-, 25-, 31-, 36-, and 76-kD proteins. The earliest, most consistent, and strongest immune reaction during the course of antibody development was to the 28kD protein. This protein was first recognized between postinoculation days 7 and 30, and recognition persisted throughout the course of infection. Allowing for minor variations due to technical differences among laboratories, particularly the approximation of molecular size, these results are in agreement with those of previous studies. 1, 14, 16, 19, 20 Positive control serum used in this study was collected 4 years postinfection from an adult female Labrador retriever, who was inoculated by blood transfusion with E. canis (Florida isolate) in 1987. When tested by IFA, the reciprocal titer of this sample was 10,240. When immunoblotted, the control serum reacted with 4 or 5 of the 28-, 44-, 53-, 60-, and 65-kD major proteins, with the most variability in the recognition of the 44-kD protein and complete consistency in the recognition of the 28-kD protein.
Naturally infected dog sera
Although relatively homogeneous, a spectrum of immunogenic protein reactions was identified in E. canis IFA-reactive dog sera obtained from France, Israel, Italy, the United States, and Zimbabwe ( Figs. 1-3 ). Four sera, 1 each from Italy and Zimbabwe and 2 from the United States, failed to recognize any low-molecular-mass E. canis proteins in the 24-28-kD range (Fig.  4) .
France. The 5 dog sera received from France were seroreactive to E. canis at reciprocal titers between 80 and 2,560. All sera recognized the 28-kD major E. canis protein and a minor protein at 27 kD. Individual serum samples also variably recognized 22-, 39-, 44-, 53-, or 60-kD major proteins. A 34-kD major protein was recognized by 2 sera (Fig. 2, FRA-2 and-3) .
Israel. The 5 dog sera received from Israel were seroreactive to E. canis at reciprocal titers between 320 and 5,120. Four sera recognized the 28-kD protein as a major protein. Sera from 1 dog (ISR-5) recognized the 2%kD protein weakly (blot not shown). Individual serum samples also variably recognized 23-, 30-, 34-, 42-, 53-, and 56-kD proteins.
Italy. The 5 dog sera received from Italy were seroreactive to E. canis at reciprocal titers between 1,280 and 20,480. Despite recognition of both 27-kD and 28-kD major proteins by serum from an experimentally infected control dog examined on concurrent immunoblots, all sera from Italy failed to recognize a 28-kD protein. Sera from 3 dogs (ITA-1,-2,-3) recognized 1 major protein each between 24 and 27kD, and sera from 1 dog (ITA-4) recognized the 27-kD protein as a minor protein (blot not shown). Sample ITA-(reciprocal titer of 2,560) failed to recognize low-molecularmass proteins (24-28 kD) but, comparable to other sera from Italy, recognized a major 40-kD protein and 34-and 53-kD minor proteins (Fig. 4) .
Zimbabwe. Six dog sera received from Zimbabwe were reactive to E. canis at reciprocal titers between 40 and 1,280. Compared with sera received from most of the other regions, 4 Zimbabwe sera had relatively low reciprocal titers (40-160). Of 10 proteins with approximate molecular sizes ranging from 22 to 72 kD, 5 (25, 28, 42, 46, 53 kD) were recognized as major proteins by most sera. The 42-and 46-kD doublet major proteins were unique to this region (Figs. 1, 2; ZIM-1,-3). Serum ZIM-4, with a reciprocal IFA titer of 160, did not recognize any proteins below 40 kD but recognized minor proteins of 44, 53, and 70 kD (Fig. 4) .
United States. With 2 exceptions (Fig. 4) , dog sera collected from regions of the United States and the Virgin Islands consistently recognized a 28-kD major protein (Fig. 3 ). In addition, there was variable recognition of proteins between 22 and 27 kD, proteins between 30 and 40 kD, a 44-kD protein, and doublet proteins between 60 and 70 kD. Sera from Arizona, North Carolina, Texas, and the Virgin Islands (IFA reciprocal titers > 1,280) each recognized at least 4 of 5 major E. canis proteins.
In general, sera from Arkansas (reciprocal titers of 80-640) and Florida (reciprocal titers of 160-5,120) recognized 26-29-kD major proteins but few consistent or intense proteins of greater molecular size that corresponded to proteins recognized by E. canis-positive control sera. Three sera from Arkansas recognized a major protein in the lower molecular size range (28 kD), and there were less intense immunoblot reactions to 36-, 53-, and 60-kD E. canis proteins. All 3 Arkansas samples were from adult females diagnosed 1 year earlier with ehrlichiosis. One of these female dogs had whelped 6 weeks earlier, and serum collected simultaneously from 2 untreated pups (reciprocal titers of 80 and 160) recognized only the 28-kD major protein and a 27-kD minor protein (blot not shown). Four sera (reciprocal titers of 640-5120) from Florida recognized a 28-kD protein. Samples FLA-1, FLA-2, and FLA-3 recognized 1 or more additional minor proteins in the higher molecular mass range that corresponded to proteins recognized by positive control sera. FLA-4 recognized only the 28.kD protein with minimal intensity. Two sera from this region 160; 640) failed to recognize any low-molecular-mass proteins. Serum FLA-5 recognized a 76-kD minor pro-tein, and FLA-6 recognized 44-and 53-kD proteins (Fig. 4) .
Four dog sera from New York were not reactive to E. canis at a reciprocal titer of 20 in our laboratory. These serum samples were included in this study based on prior reports of weak seroreactivity to E. canis obtained by a commercial diagnostic laboratory on samples collected 2-6 months earlier. When stained by western immunoblot, 3 of the 4 samples recognized a similar but less intense immunoblot pattern when compared simultaneously to sera from Arkansas and Florida.
Discussion
Our results illustrate a spectrum of immunogenic protein reactions in E. canis IFA-reactive dog sera from naturally infected dogs using western immuno- blotting. Based upon experimental studies, immuno-imental infection (postinfection days 7-30), antibodies genie protein patterns vary with the duration of infec-are produced to 28 and 36-kD (low molecular mass) tion, treatment, species of Ehrlichia to which the dog major proteins. 16, 18 Subsequently, recognition of the has been exposed, and cross-reactivity associated with 28kD protein persists, and proteins above 36 kD (44, infection by other members of the tribe Ehrlichieae. 53, 60, 65, 76 kD) are recognized in serum samples Several studies have investigated canine serologic cross-from chronically infected dogs. Occasionally, the 28reactivity among the tribe Ehrlichieae. 1, 14, 16, [18] [19] [20] When kD protein stains less intensely than the higher mousing E. canis antigens for IFA or western immuno-lecular mass proteins but is still easily recognized by blot, there is the potential of detecting infection caused immunoblot. An unavoidable limitation of this study by Ehrlichia other than E. canis. Because only the was our inability to establish the exact duration of Florida strain 8 or the more recently isolated Oklahoma natural infection. However, immunoblot patterns in strain4 have been available for IFA testing, the degree all dogs except 4 with presumed exposure to crossof within-species variation in serologic reactivity has reacting microorganisms were consistent with chronic not been critically investigated and might explain the immunoblot patterns documented in dogs experimendisparate IFA and immunoblot results obtained with tally infected with E. canis. sera from New York.
In this study, homogeneous patterns consistent with During the acute phase of untreated E. canis exper-the reported immunoblot response of dogs with chron-ic ehrlichiosis were observed with sera from Arizona, France, Israel, North Carolina, Texas, and the Virgin Islands. These sera recognized 4 or more major E. canis proteins, including the genus-specific 28-kD protein.
Although individual diversity in serologic response among dogs infected with E. canis may be responsible for minor variations in antigenic protein recognition, the high degree of homogeneity among such a diverse population of dogs seems to minimize the diagnostic importance of this consideration. According to recent studies, 9 the intensity of protein staining above 40 kD persists in dogs with high IFA E. canis seroreactivity, despite appropriate antimicrobial therapy. This observation may be related to ineffective therapeutic elimination of E. canis organisms or may be due to other undefined factors.
Minor differences in immunoblot patterns among sera from the Caribbean, France, Israel, and United States probably represent variations associated with different disease duration, prior treatment, or variability in the canine humoral immune response. In contrast, unique major proteins were detected in western blot patterns in sera from Italy and Zimbabwe, supporting the possibility of antigenic variation among E. canis from different parts of the world or exposure to an antigenically closely related species. Sera from Italy consistently recognized a 27-rather than a 28-kD protein; however, the pattern of high-molecularmass antigenic protein recognition, including 40-, 53-, and 65-kD proteins, was similar to seroreactivity detected in sera from other parts of the world. Five of the 6 serum samples from Zimbabwe recognized a larger number of major proteins between 40 and 60 kDa, and the major 42, and 46-kD doublet proteins were unique to Zimbabwe sera. In a serosurvey of dogs from Zimbabwe, major proteins of 27, 36, 42, and 52 kD were found. 14 These proteins are comparable to those seen on the immunoblots of sera we acquired from Zimbabwe.
In this geographically diverse study, 54 of 58 dog sera recognized 1 or more E. canis species-specific proteins between 22 and 29 kD, including a 27-or 28-kD protein. In contrast, sera from 4 dogs from 3 regions (Florida, Italy, Zimbabwe) did not recognize any proteins between 22 and 29 kD. These results potentially reflect serologic cross-reactivity with other microorganisms or other Ehrlichia species. When tested against E. canis antigen, sera from dogs exposed to E. ewingii 18 or E. chaffeensis 3 recognized high-molecular-mass proteins (30-78 kD) but did not recognize proteins below 30 kD. Ehrlichia risticii-reactive serum from dogs with atypical canine ehrlichiosis 10 did not recognize E. canis proteins by western blot or IFA. In other studies, serum from dogs with salmon poisoning disease caused by Neorickettsia helminthoeca, of the tribe Ehrlichieae, antigen of sera from 4 dogs from 3 regions (Florida, Italy, and Zimbabwe) that did not recognize any antigen resulting in a genus-specific protein band between 22 and 29 kD. The IFA reciprocal E. canis antibody titer for the respective sample is listed at the top of the immunoblot. A positive control serum sample from a dog experimentally infected with E. canis (Florida) is depicted at the far right.
were cross-reactive by IFA and strongly recognized 64and 78-kD proteins of E. canis by western immunoblot. 17 Cowdria ruminantium, also in the tribe Ehrlichieae, is the cause of tick-borne heartwater disease in parts of Africa. Although not known to cause disease in dogs, serum from dogs experimentally infected with C. ruminantium does cross-react with E. canis by IFA and results in recognition of a 27-kD E. canis protein by western immunoblot. 11 Immunoblot patterns reported for anti-N. helminthoeca and anti-C. ruminantium sera were not identified among any of our atypical samples, but concurrent exposure to C. ruminantium could not be ruled out for serum samples obtained from Zimbabwe.
Results indicate that antigenic heterogenity may exist among E. canis organisms in certain regions of the world. In addition, despite IFA seroreactivity, western immunoblotting patterns in 4 dogs suggested the pos-sibility of exposure to other infectious organisms. To improve diagnosis and treatment and to facilitate the evaluation of vaccine efficacy, future studies should examine E. canis isolates from different regions and utilize molecular techniques that are sensitive enough to detect potentially important genotypic variations among E. canis strains.
